Introduction
Recently, a new interest has appeared in exploring the potentialities of pulsed electric (E) fields of few nanoseconds and even of sub-nanoseconds duration in bioelectric applications [31, 36, 39] . Pulsed E fields of few nanoseconds (known as nsPEF) down to tens of picoseconds, due to their extra-wide frequency spectrum up to few GHz, are able to completely penetrate cells down to fine intracellular structures, hence making possible a controlled intracellular manipulation to be exploited in innovative treatments in biology and medicine [14, 30] . These extremely short signals have been used as innovative medical imaging method with sub-centimeter spatial resolution [15] . Furthermore, hypotheses of combined treatments are actually under study. These involve the use of sensitizing agent (as drugs) in combination with the intense wideband radiation (few nanoseconds down to picosecond signals), or the heating of tissues in addition to the wideband pulse exposure [15] .
In general, tissue and cell stimulations can be achieved with nsPEF in the range of 1 MV/m [28] , while E field intensities to get cell apoptosis are higher than the condition for stimulation [30] . The magnitude of sub-nanosecond field needs to be approximately 2 MV/m in order to increase cell membrane permeabilization [8, 12, 30, 36, 39] .
The great potential of such signals, with frequency band up to some GHz, involves their delivery and focalization within the in vivo targeted bio-sample, using antennas in both near and far field regions. Antennas may allow Abstract To explore the promising therapeutic applications of short nanosecond electric pulses, in vitro and in vivo experiments are highly required. In this paper, an exposure system based on monopole patch antenna is reported to perform in vivo experiments on newborn mice with both monopolar and bipolar nanosecond signals. Analytical design and numerical simulations of the antenna in air were carried out as well as experimental characterizations in term of scattering parameter (S 11 ) and spatial electric field distribution. Numerical dosimetry of the setup with four newborn mice properly placed in proximity of the antenna patch was carried out, exploiting a matching technique to decrease the reflections due to dielectric discontinuities (i.e., from air to mouse tissues). Such technique consists in the use of a matching dielectric box with dielectric permittivity similar to those of the mice. The average computed electric field inside single mice was homogeneous (better than 68 %) with an efficiency higher than 20 V m −1 V −1 for the four exposed mice. These results demonstrate the possibility of a multiple (four) exposure of small animals to short nanosecond pulses (both monopolar and bipolar) in a controlled and efficient way.
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reaching deep-seated regions, in a noninvasive way resulting in an extremely appealing possibility for innovative therapeutic strategies [6] .
The in vivo delivery of nsPEF found in literature is usually represented by invasive applicators [7, 11, 23, 24, 27, 32, 40] used to treat superficial tumors (e.g., mainly melanoma). Needles and suction devices are completely invasive, flat electrodes can have limitations in exposing whole body of animal due to placement difficulties. In fact, air gaps can lead to non-perfect adhesion of the rigid electrodes to the mouse skin which enables a great impedance mismatch at growing frequencies (over 100 MHz) leading to complications in attaining the desired E field magnitude (low efficiency). Furthermore, high frequency matching (over hundreds of MHz) of these applicators is particularly difficult to be reached due to the occurrence of bio-sample dielectric losses [10] .
Some attempts have already been made in the direction of noninvasive exposure. TEM cells have been proposed, but they resulted to be inefficient (efficiency evaluated of around 1.1 Wkg
) to get high E field intensity inside the mouse body [24, 33] . The experience of antennas realized for in vivo exposure in the radio frequency field spectrum [20] could not be followed due to the extra-wideband requirement of nsPEF signals. Examples of specific antennas for nsPEF have been suggested: They are paraboloid reflectors with matching lossy or non-lossy lens for the delivery of hundreds of picosecond pulses [2, 5, 12, 13, 16, 38] . Such antennas have significant dimensions (of the order of 0.5 m), imposing strict requirements to the host laboratory; moreover, since they are able to reach a small spot size (few cm), the contemporary exposure of multiple animals is not achievable using a single antenna.
In this blooming scientific context, a setup for in vivo exposure is proposed here, based on specific constrains and requirements of a pilot experiment aimed at exposing with monopolar and bipolar nsPEF [31] a knockout mouse model during its neonatal stage. The pilot experiment will define the mechanisms of brain cancer initiation as already done under low-level ionizing radiations [18] . This could lead to a better understanding of electromagnetic interactions with cells [3] with consequent impact for the nanosecond and sub-nanosecond pulses utilization in oncological therapies [6] .
Similarly, as all the exposure systems used in the radiofrequency range, the exposure setup has to meet some basic requirements [17, 24, 29] , such as: homogeneity of the delivered dose in the target, knowledge of the exposing signal in terms of amplitude, waveform and frequency content within the target, avoidance of electromagnetic interference, proper management of biological samples (cell cultures or animals). Nanosecond pulse waveforms must arrive undistorted to the animal under test, this implies that the exposure system loaded (multiple newborn mice) must keep a 50-Ω matching in a broad frequency range, up to 1 GHz [19, 25] .
The experimental protocol requires one or more immobilized newborn mice (average size and standard deviation of 35 ± 0.62 × 15 ± 0.50 × 15 ± 0.50 mm 3 , weight of 2 ± 0.065 g) to undergo a whole body exposure for short time periods (<1 s) to monopolar or bipolar nsPEF (1-ns duration, 1-ns rise/fall times), inducing in the mouse a homogeneous E field magnitude of about 1 MV/m. According to the literature on in vivo exposure to radiofrequency radiation, homogeneity is defined as the complement to one hundred of the percentage coefficient of variation (standard deviation/mean value) [24] . At least 50 % of homogeneity is required, being the average value of E field homogeneity extrapolated from data reported in [24] .
On the basis of the experimental requirements, the exposure system chosen is a wideband planar rectangular monopole antenna [22] as an applicator for 1 ns bipolar and monopolar E pulses. The monopole rectangular patch antennas are normally used in ultra-wideband applications (e.g., radar, telecommunications) due to their easy design, small dimensions, fast fabrication procedure, and low costs at high frequencies (GHz) [4] . These EM structures are intrinsically narrow band [4] , but properly shaping both the bottom ground plane and the metallic patch placed on the top of the dielectric substrate, it is possible to get a large bandwidth spanning over few GHz [35] . In particular, the shaping of the ground plane can increase the low frequency band, while modifying the rectangular patch can influence the increase in the antenna performances at high frequency [4] . Following analytical design [34] and empirical patch shaping, a wideband antenna from 200 MHz to 1 GHz has been optimized and the numerical dosimetry loading the antenna with newborn mouse models has been carried out.
Characterization of the device in air in both frequency and time domains is provided, comparing experimental and numerical analyses. A matching strategy to maximize E field magnitude within the biological target is described in detail to demonstrate that the proposed setup is able to fulfill all the experimental requirements (electromagnetic and biological features), leading to controlled and efficient in vivo exposures using nsPEF.
Materials and methods
In this section, the analytical and numerical procedures for the planar setup design as well as the antenna fabrication are described followed by the experimental measurements carried out to characterize the EM setup.
Setup design: numerical EM simulations in time and frequency domains
At first, we analytically computed the width (W) and length (L) of the patch (see Fig. 1a ) to get a central resonant frequency at nearly 600 MHz (almost central value in the frequency spectrum of a 1 ns pulse). Then, using numerical simulations based on CST Microwave Studio Suite 2012, we optimized the ground and patch shapes to gain a wideband behavior [21] . A microstrip line feeds the device, and a waveguide port was used to excite the antenna (Fig. 1a) . A 1.5-mm-thick substrate (FR-4) with ε s of 4 was considered, and antenna metallization simulated as copper with a conductivity σ of 6 × 10 7 Sm −1 . Simulations in frequency domain were carried out between 200 MHz and 1.2 GHz, and 1 W peak is used at the feeding port. A cubic air box was considered around the antenna, and radiation conditions were used for the boundaries of the simulation domain. The radiation box dimensions were equal to λ/4 at the lower simulated frequency. Time-domain simulations were also performed using a monopolar and bipolar rectangular 1 ns pulses of 1 V of amplitude with 1 ns rise fall times. A mesh of 60 lines per wavelengths was used with nearly 29 million of simulated mesh elements. In Table 1 , patch and ground dimensions after optimization are reported, while, in Fig. 1a , the optimized patch and ground shapes (colored in light orange) are sketched on a top view (drawing not in scale).
Antenna matching strategy with biological load and numerical dosimetry: a time-domain analysis
To adapt the antenna to a biological load changing in frequency in its dielectric characteristics (the newborn mice) and to reduce the great reflections due to the transition of the EM field within different media (i.e., from air to biological tissues), a matching strategy was carried out as suggested in [25] . It is based on the idea that the load is a receiving antenna to be matched with the impinging electromagnetic energy. For this reason, a matching box with dielectric characteristics similar to that of the mouse tissues, thus reducing the dielectric discontinuity, was taken into account to hold the biological target. To verify this hypothesis, CST simulations were carried out loading the patch antenna with a different number of newborn mice (up to five) properly placed within the regions of maximum E field known from simulations of the non-loaded structure. Newborn mouse model shape and dimensions are reported in Table 1 and in Fig. 1c , dielectrically described homogeneous white matter tissue, as suggested in [26, 37] , due to high-water-content tissues at this neonatal stage. This simplified model was the best one according to the literature
Fig. 1 a Setup geometry (not in scale). b Photograph of the fabricated antenna (3D view). c Newborn mouse model used in CST simulations
1 3 [18, 26, 37] . Indeed, voxel models of newborn mice do not exist, and resolution of MRI scans for this kind of sample can be too low to permit discrimination of tissue details, which are extremely small. Furthermore, the anatomical knowledge of the target is limited. To take into account the variation of white matter dielectric properties in the wide simulation band (200 MHz-1.2 GHz), dielectric dispersion was also included [10] . Numerical optimizations were performed in order to identify the most suitable permittivity value for the matching box, varying the permittivity between 20 and 80 (permittivity of pure water). A permittivity of 40 (similar to the white matter one) provides the best matching between the box, the newborn mice, and the monopole antenna. The matching box (side of 10 × 10 × 10 cm 3 ) was simulated using a non-dispersive material, and no conductivity was associated to the dielectric matching box.
Simulations were performed in time domain with a 1 V amplitude monopolar and bipolar pulse. Same boundary conditions as in the frequency study were used. Mesh gridding (for simulations of the antenna loaded with the matching box) has taken into account with a total of 37 million of mesh elements.
It is worth noting that this matching dielectric box is easily fabricated using a mixture of distilled water (60 %) and sugar (40 %), jellified with 4 % agar as reported in [9] . To avoid air bubbles and fluid inhomogeneity, agar was dissolved at 4 % into the water-sugar mixture at a temperature of nearly 100 °C under continuous agitation. A plastic container of square shape of dimension 10 × 10 × 10 cm 3 was used to hold the liquid. After cooling to room temperature, the jellified dielectric phantom perfectly maintains its shape without degradation for more than 15 days. Phantom dielectric properties between 100 MHz and 2 GHz were measured at a temperature of 22 °C using the Agilent permittivity kit (85071E) equipped with the slim form probe by means of a vector network analyzer PNA-LN5230A after a one port calibration (using an open, a short circuit, and a distilled water sample at 25 °C). The real part of the measured permittivity is stable around 40, showing low variations (<10 %) over the whole analyzed band. This low-cost dielectric phantom has a semirigid consistency, suitable for holding mice, and can be easily cut and shaped.
Newborn mice are small, with very similar shape (ellipsoidal [18] ) and dimensions, simplifying the process of cutting cavities in the dielectric phantom for positioning the mice during exposure. Moreover, the jelly material of the dielectric box is gentle to the touch, minimizing the possibility of injury during handling of delicate neonates while preventing direct contact with the antenna, maintaining a stable temperature, and limiting movements.
Setup fabrication
The final designed antenna ( Fig. 1a ; Table 1 ) was fabricated using standard lithographic methods, and an epoxy FR-4 was used as substrate. Uncertainty due to the lithographic machinery was within ±0.1 mm. The antenna was soldered to SMA connectors for frequency domain characterization. The realized setup is presented in Fig. 1b. 
Frequency domain characterization

Scattering parameter measurements
Scattering parameter (S 11 ) measurements of the realized device were taken in a semi-anechoic chamber (Vecuvia size 9 × 6 × 5.6 m 3 ) using a vector network analyzer (VNA, Agilent PNA-LN5230A) placed outside the chamber. The chamber floor was covered by ferrite substrates to absorb EM waves between 100 MHz and 2 GHz. A low-phase variation coaxial cable is used to connect the antenna with the VNA. At the cable end, the VNA was calibrated using a full one port method [1] with standard open, short-circuited, and matched load. Measurements between 200 MHz and 1.2 GHz were taken with an IF bandwidth of 1 kHz over 3200 acquired points. Measurements were repeated three times, and on each trace an averaging over ten acquisitions was taken into account. Measurements with the patch plane parallel or perpendicular to the floor of the semi-anechoic chamber were taken in order to verify the suitability of the measurements procedure with the ferrite floor. Measurements uncertainty mainly linked to instrument drift and spurious errors not taken into account by calibration was within 2 % for both magnitude and phases of the acquired S 11 in the frequency band of interest [1] . 
E field measurements
The experimental measurement was taken spanning a 15 × 15 cm 2 surface on a horizontal (xy) plane laying at 2 cm from the patch antenna. The experimental setup was composed by a continuous wave signal generator HP8350B sweep oscillator 0.1-8 GHz (used at 600 MHz within the resonant band of the patch), an amplifier (IFI MS2515-30) feeding the antenna (1 W RMS ) thorough a directional coupler (Narda 3022), and a power meter (Agilent E4419B) measuring the incident and reflected power. The E field along the measurement plane was acquired using an E field miniaturized probe (ET3DV5R Schmid & Partner Engineering AG) mounted on a three-dimensional scanning system allowing a precise scansion of the region with steps of 5 mm. In each measurement point, the sensor integrates the field over a volume of 1 × 1 × 1 mm 3 due to its physical dimensions. Each E field component was acquired, and the magnitude computed using a custom LabVIEW v.9 routine, which controlled the whole setup. Measurement uncertainty taking into account drift of the scanning setup, the deviation of the E field probe from isotropy, the deviation from linearity and the uncertainty associated with residual errors in factory calibration is evaluated to be around ±23 % with a cover factor of 2.
Results
Frequency domain characterization: setup in air
From the measured S 11 parameter of the patch in air, we obtained a frequency band between 450 MHz and 1.2 GHz where the antenna resulted adapted with an S 11 lower than −8 dB, as shown in Fig. 2 (full gray squared line and empty gray circle one).
Comparing S 11 parameter obtained for the antenna oriented parallel (line with empty gray circles) and perpendicular (full gray squared line) to the anechoic chamber floor, no significant variation is shown (Fig. 2) , essentially confirming the acceptable antenna patch behavior in the band of interest.
The E field measurements on the xy plane were compared with computed data on the same plane (Fig. 3) , to validate the numerical predictions. A good agreement was shown in E field distribution as well as in amplitude values, which are all within the measurement uncertainty range (23 %). The accurate characterization of the antenna behavior in air allowed us to define the most efficient positioning of newborn mice. Specifically, four newborn mice were placed in the zone of most uniform E field, i.e., along the bottom antenna edge (y equal to 1 cm, see Fig. 3 ) on its right and left sides (two mice on each side). The more external mice (both on the right and left antenna sides) were placed for the half of their body out of the antenna, while the more internal ones are at a distance of 4 mm from the external mice completely over the patch. The placement of mice slightly outside the antenna was taken into account to maximize E field exposure as the surface current density mainly flows along the external antenna edges. Nonetheless, the more external mice are still supported by the dielectric box, which has a sufficient robustness considering that the weight of a single mouse in only 2 g. In order to allow the placement of the dielectric matching box, mice were held at a distance of nearly 5 mm from the patch.
Time-domain characterization: setup in air
Once validated the simulated spatial E field distribution in frequency domain, we calculated the E field time behavior on a 3D grid covering the whole patch area, using timedomain simulations. Numerical data were acquired on half of the structure due to its symmetry. Along x it was spanned from 0 to 6.5 cm with a step of 5 mm, along y from 0 (the antenna edge) to 12 cm at each 5 mm, and along z we spanned from the patch plane at z equal to 0 up to 2 cm from the patch itself.
In Fig. 4 , data for the E field (real part) at the center of the patch in the position where the mouse will be successively placed (y = 51 mm and z = 5 mm) are shown for both monopolar (Fig. 4a) and bipolar (Fig. 4b) pulses of 1 ns. The E fields generated by monopolar and bipolar input pulses (gray solid line of Fig. 4) were compared with the ideal rectangular input voltages (black dashed line in Fig. 4 ). E field amplitude of the order of 400 V/m for and input voltage of 1 V is obtained in air, evidencing the high efficiency (computed as |E|/V in ) of the patch antenna system. Variations along the computed grid of the E field amplitudes are nearly of 30 % along the y direction, of about 40 % along the z direction, and of 15 % along the x direction evidencing an acceptable uniformity of the E field strength emitted by the device in air. At the same time, E field trends on all the considered points are in rather good agreement with that of Fig. 4 , thus highlighting not only an acceptable uniformity of the E field amplitude in air but also a low distortion of the pulse in time over the entire patch within a total volume of 6.5 × 12 × 2 cm 3 .
Dosimetry: a time-domain approach
In order to reduce dielectric discontinuities and to have a better match of the antenna once loaded with mice, we used a dielectric box as described in Sect. 2.2. S 11 computed for the loaded structure is presented in Fig. 2 (dashed black line) . It is evident the improvement of the matching box on the antenna band, with S 11 less than −8 dB from 200 MHz up to 1.2 GHz. This improvement, especially at low frequencies, could be attributable to the increase in the electric dimensions of the structure when covered by the dielectric slab.
E field spatial distributions on the zx and xy planes, passing through mice and dielectric box, are shown in Fig. 5a , b, respectively. Considering that the E field has higher amplitude at bottom side of the antenna with respect to the central region, as discussed in previous section, simulations with a variable number of animals were performed placing mice equally spaced along the antenna patch or concentrated on the antenna side where the E field is higher (data not shown). A four-mouse configuration with animals placed on the antenna side resulted the best solution in terms of induced field level, representing a good statistical significance.
In Table 2 , the mean E field values (amplitude) averaged over the whole mouse volume and standard deviations are presented at the instant of 2 ns of the pulse both for monopolar feeding pulse and for the bipolar one. Coefficients of variation (CV) inside each mouse were computed as the percentage of the ratio between the standard deviation and the mean value of the induced E field. The complement to one hundred of CV provided the homogeneity value. In Table 2 , homogeneities are reported for the two right mice; similar values are attained for the two left mice due to the setup symmetry.
The average E field, above 18.2 V/m, is high enough to induce poration inside all the exposed mice using a commercially available generator of 100 kV. [24] . This variability can be further reduced by rotating mice in different positions, whenever a repeated exposure protocol is used [24] .
The obtained homogeneity of the E field inside each mouse is above 68 %, a good value if compared with literature data on in vivo whole body exposure systems in the radiofrequency range [24] .
From these data, one can conclude that it is possible to carry out a multiple and contemporary exposure of up to four mice over the patch, placing them immediately at the antenna edge (Fig. 5a, b) with a reciprocal distance of 4 mm. This fact is also understandable looking at the generated surface currents induced over the antenna (data not shown), which have maximum values along the patch edge and decrease moving toward the patch center.
To verify the pulse shape maintenance also within the biological target, a grid of points was chosen and E field (real values) computed as a function of time on all the selected points. In Fig. 6 , E field behaviors in time for monopolar and bipolar pulses are shown (gray solid lines) in a selected point at the mice center. Specifically, the more internal mouse has its center at x = 11.14 cm while the more external one is at x = 130.4. The curves (for both the most internal, Fig. 6a, c and external, Fig. 6b, d, mouse) highlight the good maintenance of the pulse rise fall time dynamics due to the antenna matching at high frequency (>200 MHz). Globally the shape of the pulse is acceptable also considering that mice present themselves a dispersive behavior which tends to enlarge the pulse shape and to lower the pulse intensity due to dielectric losses in the frequency band of interest. Comparing the E field level and shape in the central point (Fig. 6 ) with the ones in points spaced 5 mm each along the x y and z directions, variability within 12 % was reported, further confirming the good homogeneity results of Table 2 at the instant of 2 ns. Nevertheless, the flat plateau of the rectangular pulse is partially deformed due to the limitation of the device at low frequency (see Fig. 2 ), as a whole the two pulses maintain a largely acceptable shape.
Discussion
In this paper, we presented numerical and experimental characterizations (in air and with bio-samples) of a monopole planar rectangular patch antenna to be used in in vivo experiments on newborn mice exposed to monopolar and bipolar pulses of 1-ns duration. To our knowledge, no similar devices exist and have been already employed for extremely short E pulses delivering to in vivo targets. Furthermore, we provided a rigorous and complete electromagnetic and dosimetric characterization of the setup in air and loaded with the biological target. Our results highlight the fulfillment of the experimental requirements in term of E field amplitude and homogeneity delivered within the target, as well as an easy fabrication, practical placement of the target on the electromagnetic setup, which enables repeatable experiments with low costs.
Comparisons for E field homogeneity with other setups are difficult, since only few studies have involved the exposure of newborn mice, and none to date have investigated exposures to ultrashort pulsed electric fields. Looking at the review on exposure setup for in vivo bioelectromagnetic studies of Paffi and colleagues [24] , the field homogeneity associated with in vivo exposure experiments is less than 70 %. The dosimetric study of [26] , using newborn mice exposed within a TEM cell for health risk assessment to Wi-Fi signals, reported an E field homogeneity of around 60 %, in line with our value. A matching strategy to improve E field penetration inside the biological target was demonstrated using a dielectric box whose dielectric permittivity is similar to that of mice tissues. Complete numerical characterization in term of spatial E field distributions at a selected time as well as E field trends in time over a defined spatial grid of points was carried out. Results provided indicate a high efficiency (more than 20 V m
) of the setup thanks to the matching strategy put in place. This means that to get a spatially homogeneous E field distribution inside the bio-target of 1 MV/m, a voltage of around 48.5 kV is required at the generator (available in commerce). The performances of our setup are good if compared with the one of the paraboloid antenna with lossy or non-lossy lens [12, 16] . Specifically, that setup presents an efficiency of 0.2-0.5 V m −1 V −1 at a focal distance of 6 cm and 1.5 V m −1 V −1 at 2 cm inside the target for an input of 200-ps duration. This means an input voltage of the technically challenging value of 700 kV to get an E field amplitude of 1 MV/m within the target. Conversely, with our applicator, one can use a commercially available generator of 100 kV to obtain a field intensity up to 2 MV/m, with a clear reduction in the experimental costs.
To support these high voltages (between 50 and 100 kV) and prevent undesired discharges, the strip line feeds that connect the monopole antenna to the high-power coaxial cable of the generator could be substituted by a direct connection of this cable to the patch using via hole technology. Moreover, shielding strategies involving the use of ferrite cores (operational band up to few GHz in line with the short electric pulses frequency content) could be taken into account. Their placement around the setup (at a specific distance) is helpful for absorbing spurious waves and hence protecting the laboratory environment and the surrounding equipment and preventing unwanted reflections toward the antenna itself.
Conclusions
In our work, we presented a new setup for in vivo exposure to extremely short E pulses (1 ns) both monopolar and bipolar. E field level in air reaches nearly 400 V/m for 1 V of input voltage, experimental measurements for E field spatial distribution at 600 MHz were used to validate numerical computing. Dosimetry within newborn mice models provided average field level above 18.2 V/m for an input rectangular pulse of 1 V with a homogeneity of the E field inside each mouse better than 68 %. Numerical simulations prove that the device is able to simultaneously expose up to four newborn mice placed on the lateral areas of the patch with a E field variation of 15 % among mice in different positions. The achieved homogeneity and variability values are considered satisfactory if compared with literature data on in vivo radiofrequency exposure [24] . The demonstrated matching box strategy can be further improved by considering more careful dielectric characterization of the structure even including dielectric dispersion within the antenna band. Experimental evaluation of the loaded device with the optimized dielectric matching layer will be then required in order to attain the highest E field level with the lowest input voltage.
The applicator obtained demonstrates to be a very versatile and robust system for whole body exposure of multiple laboratory animals to extremely short E field pulses in a controlled manner.
